The reasons underlying the oligomeric nature of some proteins such as triosephosphate isomerase (TIM) are unclear. It has been proposed that this enzyme is an oligomer, mainly because of its stability rather than for functional reasons. To address this issue, the reversible denaturation and renaturation of the homodimeric TIM from baker's yeast (Saccharomyces cere isiae) induced by guanidinium chloride and urea have been characterized by spectroscopic, functional and hydrodynamic techniques. The unfolding and refolding of this enzyme are not coincident after ' conventional ' equilibrium times. Unfolding experiments did not reach equilibrium, owing to a very slow dissociation and\or unfolding process. By contrast, equilibrium was reached in the refolding direction. The simplest equilibrium pathway compatible with the obtained data was
INTRODUCTION
The functional and regulatory properties of oligomeric proteins are mostly provided by quaternary structure formation [1, 2] . Triosephosphate isomerase (TIM) is the prototype of the β\α barrel, one of the most common folds found in Nature [3, 4] . All wild-type TIMs so far studied are oligomers. TIM activity exhibits classical Michaelis-Menten kinetics, is not allosterically regulated and the residues involved in substrate binding and catalysis are all located in the same subunit. However, dimerization is required for catalytic activity. In an effort to rationalize the oligomeric nature of TIM, it has been proposed that TIM monomers are thermodynamically unstable and that subunit assembly induces maximal conformational stability [5] . Besides this structural-stability explanation, it has been also argued that dimerization is necessary to optimize the geometry of the activesite pocket [6] . It appears that the relative importance of stability and function as reasons for the oligomeric nature of this enzyme is not convincingly established.
Some oligomers show a two-state dissociation\unfolding process without detectable intermediates [7] . However, in many cases, stable intermediates have been reported [8, 9] . Where three or more states are observed, it is possible to estimate the relative contribution of monomer folding and association to the overall stability of the protein through the calculation of the thermodynamic parameters describing the processes involved. The two prerequisites for these calculations are the reversibility of the process and that the system reaches equilibrium. The equilibrium constants that describe the effect of denaturant concentration on Abbreviations used : DTT, dithiothreitol ; GdmCl, guanidinium chloride ; GDPH, glycerol-3-phosphate dehydrogenase ; N U, native dimer unfolded monomer ; R s , Stokes radius ; SCM, spectral centre of mass ; TIM, triosephosphate isomerase ; hTIM, human TIM ; rTIM, rabbit TIM ; TbTIM, Trypanosoma brucei TIM ; yTIM, yeast (Saccharomyces cerevisiae) TIM. 1 On sabbatical leave from the Departamento de Fisicoquı! mica, Facultad de Quı! mica, Universidad Nacional Auto! noma de Me! xico, Ciudad Universitaria. Me! xico, D.F. 04510, Me! xico. 2 To whom correspondence should be addressed (e-mail fdaniel!servidor.unam.mx).
found to be a three-state process involving an inactive and expanded monomer. The Gibbs energy changes for monomer folding (∆G! fold l k16.6p0.7 kJ : mol −" ) and monomer association (∆G! assoc l k70.3p1.1 kJ : mol −" ) were calculated from data obtained in the two denaturants. From an analysis of the present data and data from the literature on the stability of TIM from different species and for other β\α barrels, and model simulations on the effect of stability in the catalytic activity of the enzyme, it is concluded that the low stability of the monomers is neither the only, nor the main, cause for the dimeric nature of TIM. There is interplay between function and stability.
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the relative amounts of native, folding intermediates and unfolded states can be obtained from two types of experiment, namely (a) native dimer unfolded monomer (N U) unfolding experiments, where the native protein is the initial state and samples are incubated at several concentrations of denaturant, and (b) U N refolding experiments in which the native protein is first completely unfolded using high denaturant concentrations. The unfolded state is therefore the initial state that is then allowed to refold at lower denaturant concentrations. In both types of experiments, the relative populations of the stable states are then measured after equilibrium is reached, monitoring the spectroscopic, functional or hydrodynamic properties of the system. If denaturation and renaturation are reversible and the incubation time is long enough for equilibrium to be reached, both types of experiment should give the same results. For oligomeric proteins, unfolding rather than refolding has been commonly studied, since low refolding yields are commonly observed owing to the formation of irreversible non-productive interactions between folding intermediates [9] . Another difficulty is that unfolding and refolding kinetics might be very slow, making the identification of the equilibrium states problematic. In fact, kinetic control has been observed in monomeric [10] and oligomeric proteins [11] [12] [13] [14] [15] . In the case of TIM, kinetic hysteresis between N U and U N experiments has been detected in the pressure-induced denaturation of rabbit TIM (rTIM) [16] and in the temperature-induced unfolding of baker's-yeast (Saccharomyces cere isiae) TIM (yTIM) [17] . However, up until the present time, TIM stability has only been studied at equilibrium employing N U experiments [5, [18] [19] [20] [21] [22] [23] [24] . In the present study we monitored the denaturation and renaturation of yTIM in guanidinium chloride (GdmCl) and in urea, and determined the stability of the enzyme. With these data, together with the information available in the literature, we discuss in detail the possible reasons for the oligomeric nature of TIM.
MATERIALS AND METHODS

Materials
Glycerol-3-phosphate dehydrogenase (GDPH) and GdmCl were from Boehringer-Mannheim, urea from Aldrich. All other reagents were purchased from Sigma. Production, expression and purification of recombinant yTIM were performed as described by Va! zquez-Contreras et al. [24] . The concentration of purified yTIM was measured using a molar absorption coefficient (ε #)! ) of 26 664 M −" : cm −" [25] .
Denaturation (N U) and renaturation (U N) experiments
In denaturation experiments (N U), an aliquot of a concentrated yTIM stock solution was diluted in 100 mM triethanolamine, pH 7.4, containing 1 mM EDTA, 0.1 mM dithiothreitol (DTT) (Buffer A) and different concentrations of GdmCl or urea. For the renaturation experiments (U N), the enzyme was first exposed to 6 M GdmCl for 45 min or 8 M urea for 6 h, conditions under which yTIM is completely unfolded, as indicated by the absence of catalytic activity as well as by CD and intrinsic-fluorescence spectra. These incubation times were enough for the enzyme to reach the unfolded state, since all the monitored properties remained unchanged after 24 h. After this step, renaturation was started by dilution of the unfolded protein in buffer A that contained decreasing concentrations of GdmCl or urea. In both types of experiment, yTIM concentration was in the range 7.5 nM-7.5 µM.
Spectroscopic measurements
Fluorescence measurements were made on an ISS (Champaign, IL, U.S.A.) PC1 spectrofluorimeter. The temperature of the cells was maintained at 25p0.1 mC. Fluorescence measurements were carried out at an excitation wavelength of 280 nm (4 nm bandwidth) and emission was monitored from 300 to 400 nm (8 nm bandwidth). The fluorescence spectral centre of mass (SCM) was calculated from intensity data (I λ ) obtained at different wavelengths using :
CD of yTIM samples (1.85-7.5 µM) was monitored at 222 nm with a JASCO J-715 spectropolarimeter using 0.1-cm-pathlength cells thermostatically maintained at 25p0.1 mC. The values reported were the average of 4 min scans, recorded every 10 s. Reference samples without protein were subtracted in all spectroscopic measurements.
Catalytic-activity measurements
yTIM activity was measured in 1 ml of a mixture that contained 100 mM triethanolamine, pH 7.4, 10 mM EDTA and 1 mM DTT (Buffer B), containing 3.0 mM ,-glyceraldehyde-3-phosphate, 10 µg of GDPH, 0.2 mM NADH and 75 pM yTIM [26] . Reaction rates were determined from the decrease in absorbance at 340 nm as a function of time in a Beckman DU7500 spectrophotometer with a multicell device thermostatically maintained at 25p0.1 mC. Catalytic-activity measurements are complicated by the presence of high concentrations of denaturants because of their effect on the activity of the coupling enzyme. In addition, TIM catalytic-activity measurements must be carried out at much lower protein concentrations ($ 1000 times) than those used for spectroscopic measurements. Therefore, activity was measured as follows. Samples (7.5 µM-75 nM yTIM) were first diluted to 7.5 nM without changing the concentration of denaturant. Aliquots were withdrawn from the aforementioned mixture and further diluted in the activity reaction mixture ; this procedure took 15 s. After this final dilution step, the yTIM concentration was 75 pM and the residual denaturant concentration was either 60 mM GdmCl or 80 mM urea ; The time courses of NADH oxidation were linear, indicating that no re-or de-activation took place during reaction-rate measurements. As previously found, the dilution step did not affect activity values, and control experiments showed that catalytic-activity measurements were not affected by residual concentrations of denaturant in the assay media [23] .
Hydrodynamic measurements
Size-exclusion-chromatography experiments were performed on a Superdex 75 HR 10\30 gel-filtration column coupled to a Pharmacia (Uppsala, Sweden) FPLC system. Protein elution was monitored with a Waters 474 scanning fluorescence detector, using an excitation wavelength of 280 nm (18 nm bandwidth), emission being monitored at 320 nm (18 nm bandwidth). The incubated enzymes were loaded on to the filtration column, which had been equilibrated with Buffer B and GdmCl. The samples were eluted at a flow rate of 0.4 ml : min −" . Stokes-radii (R s ) values were calculated from elution volumes and a calibration curve [23, 27] .
Data fitting
The refolding of the unfolded monomers (U) into the native dimer (N) was analysed according to a three-state model involving a monomeric intermediate (M) :
The changes in Gibbs energy for monomer folding (∆G fold ) and monomer association (∆G assoc ), defined as ∆G fold l kRT ln (M\U ) and ∆G assoc l kRT ln (N\M#) (where R is the gas constant, T is the temperature and ln is logarithm to the base e), were assumed to vary linearly with denaturant concentration x according to :
where m is the dependence of free energy on denaturant concentration. The molar fractions of subunits in the unfolded, monomeric and native states are defined by f U l U\P t , f M l M\P t and f N l 2N\P t respectively, where the total protein concentration (P t ) is expressed on a monomer basis (P t l UjMj2N ). f M and f N can be expressed as a function of the equilibrium constants as :
with f U l 1kf N kf M . In obtaining eqns (4) and (5), the experimental observable ( y) was assumed to be additive y l
In order to compare and use data from different techniques, it is convenient to normalize the experimental values as
, where xh is the denaturant concentration for complete unfolding. The parameters ∆G! fold , m fold , ∆G! assoc and m assoc were fitted to α(x) using eqns (4) and (5) .
RESULTS AND DISCUSSION
Unfolding and refolding of yTIM and U N samples were inactive and showed a similar SCM at high concentrations of denaturants (1.5-2.5 M GdmCl or 7.0-8.0 M urea). At these low and high denaturant concentrations, both types of experiments gave the same results. In contrast, there were differences in the N U and U N courses at intermediate concentrations of denaturant ( Figure 1 ). While the spectroscopic and functional properties of yTIM in the U N samples reached a constant value after 48 h in both GdmCl and urea (closed symbols in Figure 1 ), in the N U experiments (open symbols in Figure 1 ) there was a very slow change in the SCM and catalytic activity towards the values observed in the U N direction. The data in Figure 1 indicate that, in the U N experiments, equilibrium was truly reached, while in the N U experiments this was not the case. The hysteresis observed in Figure 1 after incubation for conventional (1 or 2 days) and much higher ' equilibrium times ' was probably due to slow kinetics of the dissociation and\or the unfolding transition(s).
Figure 3 Three-state analysis of yTIM renaturation (U N) in the presence of GdmCl (' GuHCl ')
Normalized changes for yTIM renaturation experiments (U N) in GdmCl followed by SCM at 7.5 ($), 1.85 (:), 0.75 () and 0.075 (>) µM, CD at 7.5 (j) and 1.85 (i) µM, catalytic activity at 7.5 (#), 0.75 ( ), 7.5 − 2 (=) and 7.5 − 3 (W) µM and R s at 0.75 µM (*). In each panel, continuous lines are fits to eqns (4) and (5) ; broken lines are predictions. Parameters obtained using alternative (i ) (A) and alternative (ii ) (B) are given in Table 1 .
The hydrodynamic properties of yTIM in the presence of GdmCl were explored using size-exclusion chromatography [23, 27] . A single elution peak was observed at all the GdmCl concentrations tested (Figure 2 ). The R s of yTIM shows an increase in going from 0 to 6 M GdmCl from 30.0 to 44. In an effort to find conditions for coincidence between the N U and U N experiments, both courses were also studied at 30 mC, where faster kinetics would be expected. The properties of U N samples remained almost unchanged after 48 h (results not shown). As observed at 25 mC, the N U samples at 30 mC progressively reached the U N values. It was after 10 days that coincidence was achieved (results not shown), i.e. within a shorter time than at 25 mC. However, at 30 mC and this long incubation time, a decrease in the catalytic activity and a red shift in the SCM values were also observed in the native enzyme and in the U N experiments. Since it is known that long incubation times or relatively high temperatures promote collateral chemical reactions between the protein and denaturants, as well as protein degradation [28] [29] [30] , no further experiments were carried out at 30 mC. Stability of triosephosphate isomerase 
An equilibrium intermediate in the refolding of yTIM
On the basis of the above findings, hereafter only the results of U N experiments at 25 mC are analysed. To facilitate the analysis and comparison of results using different techniques, results are henceforth expressed in their normalized form α(x) (see above). The intrinsic fluorescence and CD of yTIM in the presence of GdmCl exhibited two transitions (Figure 3 ), indicating the presence of an intermediate. The first transition, observed at high concentrations of denaturant (between 2.5 and 1.0 M GdmCl), is characterized by partial burial of aromatic residues and secondary-structure formation. A shoulder was detected from 1.0 to 0.6 M. In the second transition, observed at GdmCl concentrations lower than 0.6 M, yTIM acquired the spectral properties and secondary structure of the native enzyme. yTIM was inactive in the region that corresponds to the first transition detected by the spectroscopic techniques. Catalytic activity appeared in the second transition, indicating that the intermediate is inactive (Figure 3 ). The R s of yTIM was nativelike in the second transition, so the intermediate might be a native-like dimer or an expanded monomer. Since yTIM is a dimer, its refolding must include a bimolecular step, and hence the association state of the intermediate can be determined from the effect of protein concentration on the transitions. The dependence of α(x) on protein concentration has been considered to be the best criterion for assigning the bimolecular step in a folding mechanism ( [8] and references therein). Variations in yTIM concentration had no clear effect on the transitions detected by spectroscopic or hydrodynamic measurements (results not shown). However, as the yTIM concentration was decreased, the re-activation curves were displaced to lower denaturant concentration ( Figure 3) . Therefore, the second transition is a bimolecular reaction, where inactive monomers associate to form the active dimer. The spectroscopic properties of the three states are shown in Figure 4 . It is seen that the intermediate possesses a considerable amount of secondary structure, whereas its fluorescence spectra shows that aromatic residues are partially buried, final rearrangements in their environment being accomplished upon association. Similar spectra were reported for N U experiments [22] .
Although dimers and monomers are in equilibrium in the second transition, the R s of yTIM remained constant ( Figure 3 ) and a single elution peak was observed (Figure 2 ). This may reflect the average of two states with different hydrodynamic properties in fast equilibrium, or that the hydrodynamic properties of the monomeric intermediate and the native dimer are similar. Because the approach to equilibrium is extremely slow (Figures 1A and 1C) , the first possibility was ruled out. Therefore, the native dimer and the monomeric intermediate have similar R s values (30 A H ) and the latter is therefore more expanded than the ' native monomer ' in the dimer. From NMR experiments, the hydrodynamic radii (R h ) for native yTIM and for the monomeric intermediate observed in unfolding experiments are 24 and 29.6 A H respectively [22] . The intermediate described here is less expanded than the monomeric intermediate observed in the unfolding of the TIM from Trypanosoma brucei (TbTIM) (R s l 36 A H ) [23] and the two unfolding intermediates of the α-subunit of tryptophan synthase (R s l 37.9 and 52.9 A H ), which is a monomeric β\α barrel protein of a similar molecular mass (27 kDa) [31] .
In urea, the presence of an intermediate is clearly indicated by the non-coincidence of activity and spectroscopic data. Despite this, only a rather weak shoulder around 2.5 M urea was detected by CD and SCM ( Figure 5 ). yTIM was inactive in the first transition, between 7.0 and 2.5 M urea, and re-activates at denaturant concentrations that correspond to the second transition (less than 2.5 M urea). As with GdmCl, enzyme reactivation depended on protein concentration ( Figure 5 ). These data strongly suggest that the same three-state mechanism observed for the enzyme in GdmCl is also present for the enzyme in urea. In order to explore the effect of ionic strength on the equilibrium reassociation of yTIM, we measured the effect of moderate NaCl concentrations (0.3 and 0.6 M) on the activity profile in urea. Within experimental error, no changes were detected in the presence of NaCl (results not shown).
Calculation of yTIM stability
The simplest model accounting for the present data is a threestate model 2U^_ 2M^_ N, where the unfolded monomers partially fold into expanded and inactive monomers which further assemble into the native active dimer. Since U N experiments reached equilibrium, these were used to calculate the Gibbs energy changes associated with the observed transitions, i.e. monomer folding (∆G fold ) and monomer association (∆G assoc ). Given that for yTIM there are data for two denaturants and several techniques, it is possible to use different sets of data to obtain the thermodynamic parameters whose values, in principle, should be independent of the chosen data set. Furthermore, it is possible to use a subset of values and predict, with the ∆G! fold and ∆G! assoc obtained, the behaviour of another set. This allows us to test the internal consistency of the data and the soundness of the proposed model, and to evaluate the physical reliability of the obtained values for the parameters. In this framework, ∆G! fold and ∆G! assoc were evaluated for five alternatives. In all these fittings, the normalized signal for the unfolded monomer y U l 0 and for the native dimer y N l 1, while in accordance with the discussion in the previous subsection, for activity data the normalized signal for the monomeric intermediate y M l 0 and for hydrodynamic data y M l 1. In the first alternative (i), the thermodynamic parameters were fitted to fluorescence and CD data in GdmCl, predicting catalytic activity and hydrodynamic [18] ; hTIM-3, M14Q/R98Q monomeric mutant [5, 18] ; hTIM-4, M14Q/R98Q/Q179D/K193A/A215P monomeric mutant [18] ; BsTIM, Bacillus stearothermophilus TIM [18] ; rTIM, rabbit TIM [19] ; ChTIM, chicken TIM at 30.4 mC [34] ; LmTIM-1, Leishmania mexicana TIM at pH 7.5 [21] ; LmTIM-2, E65Q mutant at pH 7.7 [21] ; TbTIM, Trypanosoma brucei TIM monomeric mutant at pH 6.8 [21] ; yTIM-1, Saccharomyces cerevisiae TIM average ∆G calculated from structural data and solvation parameters [35] ; and yTIM-4, the present work (Table 1, data. In the second alternative (ii) the converse was done, i.e. parameters were fitted to catalytic-activity and hydrodynamic data and the spectroscopic behaviour was predicted. The ∆G! obtained for alternatives (i) and (ii) are given in Table 1 , their predictive power being displayed in Figure 3 . In alternative (i) (Figure 3A) , the spectroscopic signal of the monomer ( y M ) was also used as a fitting parameter. In alternative (ii) (Figure 3B ), these two values were used as constants to predict the spectroscopic behaviour. In both cases, the change of α(x) with protein concentration is well reproduced. The third alternative (iii) consisted in using all the available data in GdmCl, again using y M for spectroscopic data as an adjustable parameter, the resulting ∆G! being reported in Table 1 . For urea, alternatives (i) and (ii) were not considered, since, as mentioned above, in this denaturant the biphasic behaviour of the spectroscopic data is less marked and, moreover, hydrodynamic data are not available. Therefore, alternative (i ) used all the available data in urea. Here, the spectroscopic signal of the intermediate is difficult to obtain as a fitted parameter and hence the y M value obtained in the analysis of GdmCl data (alternative i) was used as a fixed parameter (Table 1) . Finally, alternative ( ) was a global fit employing all the available data in both denaturants and using the values of y M (SCM) and y M (CD) as adjustable parameters. In Table 1 , the fitted spectroscopic y M values are between 0.52 and 0.71, indicating that in comparison with the native dimer, the monomeric intermediate contains substantial secondary structure and the aromatic residues are partially buried, as observed in the spectroscopic data shown in Figure 4 . The ∆G! fold and ∆G! assoc values obtained from the five alternatives are close, and, for all of them, ∆G! assoc ∆G! fold . The large magnitude of ∆G! assoc is in agreement with dilution experiments, since, after a 3-month incubation time, the catalytic activity of yTIM remained constant and independent of enzyme concentration over the range from 75 pM to 7.5 µM (see below). The comparison among alternatives (iii)-( ) suggests that the folding and association of yTIM is thermodynamically equivalent in both denaturants. As observed previously for other proteins, the m values for GdmCl are considerably larger than those for urea. Since the data employed in alternatives (i)-( ) are all at equilibrium, the small differences seen in Table 1 can be attributed to experimental error. From this point of view, the results of the global fit (alternative ) must be the most satisfactory, since in this fitting some of these experimental inaccuracies are compensated for.
Unfolding of TIM from different species and other β/α barrels
The unfolding of TIM has been extensively studied, but, often, irreversibility has been observed [20, 23, 32, 33] . Figure 6 displays all the available data regarding the thermodynamic stability of TIM from different species [5, [17] [18] [19] 21, 22, 34] . In contrast with the present data for yTIM, where biphasic behaviour was detected and used to obtain the Gibbs energy changes, in all other cases, monophasic transitions were employed using a two-state model (2U^_ N). Therefore, the only reported Gibbs energy changes involving an intermediate had to be obtained from kinetic data for rTIM [19] or from the unfolding of monomeric mutants of human TIM (hTIM) [5, 18] and of TbTIM [21] . All thermodynamic characterizations of TIM stability in Figure 6 have used experiments in the N U direction or calculations from structural data [35] . In this respect, the results in Figure 1 clearly show that caution must be exercised when using only data from N U experiments to obtain thermodynamic parameters, since, unless long incubation times are employed, equilibrium might not have been reached. Despite the different conditions used to obtain the data in Figure 6 , for all TIM species there is a clear relation between the Gibbs energy changes for the association and folding transitions, namely ∆G assoc is much bigger than ∆G fold . The fractional contribution of monomer folding to the stability of the native enzyme (estimated as 2∆G! fold \∆G! tot ) varies between 0.14 for rTIM to 0.32 for yTIM ; that is, subunit assembly notably increases the conformational stability of TIM, as previously stated [5] . In all cases monomer folding is a favourable process, the ∆G fold values obtained for wild-type TIMs varying from k5.0 to k16.6 kJ : mol −" . This indicates that TIM monomers are marginally stable. Since these values are smaller than those observed for the folding of monomeric proteins [36] , it can be concluded that TIM is dimeric, mainly because of stability considerations [5] . In contrast, other approaches (see below)
suggest that the high catalytic skills of TIM are linked to the oligomeric nature of the enzyme. In what follows, through the comparison between TIM results and those obtained for other β\α barrels, we analyse the relative contributions of stability and function as reasons for the dimeric nature of TIM.
The stability hypothesis is based on two underlying assumptions. First, that monomeric and active β\α barrels with low stability are not likely to occur. Secondly, that, in the absence of quaternary interactions, high stability cannot be achieved for β\α barrels. The first assumption is not in agreement with the low stability reported for the monomeric and active aldolase from Staphylococcus aureus (∆G! fold l k9.0p2.0 kJ : mol −" ) [37] . Regarding the second assumption, a highly stable β\α barrel, namely the α-subunit of tryptophan synthase, has been reported ; in this case, ∆G! tot l k34.3 and k64.42 kJ : mol −" from the GdmCl-and urea-induced unfolding respectively [38, 39] . Therefore the stability range for monomeric and active β\α barrels is very broad (k9 to k64 kJ : mol −" ) ; moreover, it varies significantly with pH, as observed in the indol-3-ylglycerol phosphate synthase from Sulfolobus solfataricus, where ∆G! fold changes from k14.7p1.2 kJ : mol −" at pH 7.0 to k25.5p1.8 kJ : mol −" at pH 9.0 [40] . The stability of yTIM monomers obtained in this work (k16.6p0.7 kJ : mol −" ; Table 1 ) is clearly within this range, but closer to the lower limit. Noticeably, the stability of monomeric β\α barrels can be increased, as shown by the results for hTIM monomeric mutants, where the stability increased from k10.46 to k16.32 kJ : mol −" [18] . It is clear, then, that there are examples that undermine the validity of the two above-mentioned assumptions. On the other hand, the functional hypothesis finds strong support from the fact that, despite the significant research efforts made so far, the catalytic activity of monomeric TIM mutants is at best 100 times lower than that of wild-type TIMs [41, 42] . This is remarkable, considering that active-site residues are self-contained in the monomer. It has been proposed that the huge increase in catalytic activity observed upon association is due to intersubunit contacts that decrease the flexibility of the catalytic loops [6] . In the case of yTIM, the intersubunit contacts occurring during reassociation involve adjustments in the secondary and tertiary structure (Figure 4) , as well as monomer shrinking. Other approaches, such as refolding kinetics in conventional and low-water media, as well as stability towards dilution [43] [44] [45] [46] [47] , indicate that TIM catalysis requires dimerization.
Some insight might be gained by the analysis of the fraction of active TIM as a function of protein concentration. These experimental data are shown in Figure 7 , together with the prediction using the ∆G! values obtained in the present study using the three-state model described above (Table 1, alternative ). Figure 7 also shows three simulations for different ∆G! values. The first two simulations indicate that activity is practically constant when ∆G! assoc l k70 kJ : mol −" , and ∆G! fold is changed from 0 to k70 kJ : mol −" ; that is, from a non-stable to very stable monomer. In other words, the activity profile is almost independent of ∆G! fold . In the third simulation, ∆G! assoc was reduced by half (k35 kJ : mol −" ) while maintaining a very stable monomer (∆G! fold l k75 kJ : mol −" ), the result being that catalytic activity is drastically reduced. Since in i o TIM concentrations for different species are between 1i10 −& and 1i10 −' M [48] and monomers are barely active, it is clear from Figure 7 that a high ∆G! assoc is needed for catalysis. It is likely that there is no evolutionary pressure that favours the appearance of stable monomers. The possibility that a stable dimer formed early in evolution and was subsequently optimized for perfect catalysis should be considered. From the above discussion it appears that the available data for TIM indicates that there is not a unique reason for the dimeric nature of TIM. For oligomeric proteins, function and stability are intimately linked. Hence, the dimeric nature of TIM should be examined in the light of this interplay. Definitively the low stability of TIM monomers is neither the only, nor the main, cause.
It would be valuable to widen the present discussion to include oligomers of different fold types. The data in [8, [49] [50] [51] [52] indicate that, in many cases, the stability of the dimer contributes significantly to the conformational free energy of the protein, as discussed above for TIM. However, since there are relatively few thermodynamic studies for the dissociation\association of oligomeric proteins, general conclusions are difficult to make.
